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Abstract
Zooplankton are a critical link between primary producers and higher trophic levels in the
marine environment. They play a critical role in carbon cycling, are an important food source for
commercially important species, and are excellent indicator genera for environmental changes
that take place in marine ecosystems. This research quantified temporal and spatial patterns of
dead copepods in response to the Deepwater Horizon Oil Spill (DWH) site using ZooSCAN
imaging technologies. Research showed that the proportion of dead copepods (showed evidence
of decay but no physical damage due to predation) increased with depth, and at time periods
closest to the time of active flow. Laboratory experiments were also conducted to extrapolate
sinking velocity of copepod carcasses and observe decomposition rate of carcasses through time
at various in situ temperatures. Sinking of a copepod carcass was found to be an average of
186.99 ± 64.61 meters per day. Utilizing sinking rates and the qualitative comparison of
decomposition experiment images with field images, in situ organisms collected at
approximately 600-800 m were likely to have been sinking for 3.75 days. These findings were
critical in exploring the role copepod carcasses play in the marine environment and how the
planktonic community responded to the Deepwater Horizon Oil Spill.
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Introduction
1.1. The Gulf of Mexico
The Gulf of Mexico is a dynamic, semi-enclosed gulf encompassing the Southern edge of
the United States including Texas, Louisiana, Mississippi, Alabama, Florida and the country of
Mexico. It is characterized by warm sea surface temperatures and oligotrophic (low nutrient)
waters (Steinberg and Landry, 2017). The water circulation within the Gulf of Mexico is
predominantly influenced by the Loop Current (LC), a fast-moving current formed by the Gulf
Stream flowing from Central America around the Yucatan Peninsula and into the Gulf of
Mexico, then squeezed around the Florida Strait and outward along the Atlantic coast of the
United States (Smith et al., 2014). Mesoscale eddies that break off the LC create localized
environments with varying nutrient availability, moving throughout the Gulf of Mexico (Smith et
al., 2014; Ward and Tunnell, 2017). The offshore Gulf of Mexico is classified as oligotrophic
(Ward and Tunnell, 2017). The nearshore Gulf of Mexico has higher nutrient availability due to
the inputs from the Mississippi River and other smaller rivers that deliver nutrients to the coast
(Wawrik and Paul, 2004). Occasionally, nutrient-rich coastal waters are flushed into offshore
oligotrophic areas, allowing phytoplankton at the base of the food web to utilize these excess
nutrients and increase primary productivity through photosynthetic activity (Qian et al., 2003;
Smith et al., 2014; Ward and Tunnell, 2017).
The Gulf of Mexico food web is complex. From near shore to the deep-sea, the food web
is connected through trophic interactions. These interactions are carried out in the different
regions throughout the Gulf of Mexico and provide ecologically and economically important
ecosystem services as well as economic profit to the surrounding Gulf of Mexico states,
respectively (Ward and Tunnel 2017).
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The pelagic food web of the Gulf of Mexico has multifaceted biogeochemical
interactions. It provides carbon dioxide exchange between the atmosphere and the ocean,
nutrient enrichment to higher trophic levels in the form of detrital matter, and contributes to the
biological pump- a network of processes that transport organic energy to deeper depths (Harris et
al., 2000; Calbet, 2001; Barton et al., 2013; Steinberg and Landry, 2017). Pelagic organisms
directly contribute to these processes, specifically mesozooplankton.
1.2. Copepods in the Gulf of Mexico
Mesozooplankton (20-200 µm) provide the dominant link between primary producers
and consumers in the pelagic food web of the Gulf of Mexico (Banse, 1995; Carassou, et al.,
2014; Glud et al., 2015; and Steinberg and Landry, 2017). Copepods, in the subclass Copepoda,
are the most abundant taxa in the mesozooplankton oceanic community; they constitute
approximately 80% of the global mesozooplankton population (Turner, 2004; Dubovskaya et al.,
2015; Glud et al., 2015). Copepods are described as omnivorous suspension feeders, capitalizing
on available material rich in particulate organic carbon (POC) within the water column
(Steinberg and Landry, 2017). They also carry out diel vertical migration, movement to deeper
depths during the day and to shallower depths at night as a predator avoidance mechanism
(Lampert, 1989; Rowe, 2017). In addition to diel vertical migration, copepods are
simultaneously partaking in “sloppy feeding” and excretion, which redistributes large amounts of
carbon- rich organic material throughout the water column to be utilized by a number of
organisms (Steinberg and Landry, 2017).
Copepods, like most zooplankton, are often an understudied, but critical link between
primary producers and higher trophic levels in the pelagic food web (Banse, 1995; Turner, 2004;
Carassou et al., 2014; Glud et al., 2015; Steinberg and Landry, 2017). Copepods are
2

environmentally-sensitive organisms and are well suited as indicators of environmental change
as described by Hays et al. (2005): (1) they escape commercial exploitation, avoiding any
anthropogenic effects of overfishing; (2) they have short lifespans and are therefore reflective of
temporal and seasonal environmental changes rather than the persistence of surviving organisms;
(3) they are drifters, creating spatial distribution patterns indicative of the marine conditions
present; and (4) copepods themselves are sensitive to natural or anthropogenic variables present
in their environment, providing a strong link to environmental stresses that take place across
various trophic levels. For these reasons, copepods make the ideal taxa for studying rapid
environmental changes such as the Deepwater Horizon oil spill.
1.3. The Deepwater Horizon Oil Spill in the Gulf of Mexico
The Deepwater Horizon (DWH) oil spill was an anthropogenic disaster from April to
July 2010 which claimed the lives of 11 people and expelled an unprecedented 780,000 m3 of
crude oil into the Northcentral Gulf of Mexico (28°74’N, 88°36’W) (Smith et al., 2013; Carassou
et al., 2014; Criales et al., 2017). The Macondo MC252 platform was located approximately 41
nautical miles southeast of the Mississippi birdfoot delta and at a water depth of 1,525 meters.
The spilled crude oil contained organic forms of polycyclic aromatic hydrocarbons (PAHs),
which is considered a toxin (van Brummelen et al., 1998; Kujawinski et al., 2011; Almeda et al.,
2013). In an effort to disaggregate the oil by breaking up the surface tension, Corexit 9500A
dispersants, a surfactant and hydrocarbon-based solvent mixture was applied at the surface and
subsurface locations (Kujawinski et al., 2011; Ortmann et al., 2012; Almeda et al., 2013; Cohen
et al., 2014).
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Both oil and dispersant were distributed throughout the Northcentral Gulf of Mexico.
The surface oil engulfed the Northcentral Gulf of Mexico and was initially unable to impact the
coastline partly due to an increase in Mississippi River outflow pushing more water offshore
(Walsh et al., 2015). In contrast, the deep-water plume of subsurface oil travelled along the
continental slope southward of the wellhead (Kujawinski et al., 2011). Dispersants were then
applied at the wellhead in an effort to disaggregate oil and alleviate impacts to the environment
(Kujawinski et al., 2011). Due to limits in oil degradation from within the marine environment,
i.e. temperature and lack of available nutrients for microbes to carry out biodegradation, the
deep-water plume and associated dispersants remained for months following the oil spill
(Adcroft et al., 2010). While nektonic organisms may have been able to avoid the impacted area,
planktonic organisms such as copepods and sessile organisms such as deep-sea corals were
continuously exposed to these toxins, causing potentially lasting impacts on their population
(Montagna et al., 2013; Buskey et al., 2016).
Numerous studies discuss the toxicity of oil and dispersant-treated oil on phytoplankton
and copepods through lethal and sublethal pathways such as exposure and ingestion (Almeda et
al., 2013; Paul et al., 2013; Almeda et al., 2014; Cohen et al., 2014; Garr et al., 2014). Negative
impacts on phytoplankton reduce available food for copepods, resulting in mortality through
starvation (Paul et al., 2013; Garr et al., 2014). Jiang et al. (2012) also found that low
concentrations of oil exposure resulted in abnormal behavior, starvation, and eventual death in
various species of copepods, suggesting that exposure to oil and dispersant-treated oil is
problematic to copepod survival (Almeda et al., 2014). These findings emphasize the toxic
effects that oil and dispersants can have on copepods. It is possible that copepods and other
mesozooplankton populations were negatively impacted by the DWH oil spill.
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Unfortunately, historical data on plankton communities is lacking in the offshore
Northcentral Gulf of Mexico, preventing appropriate comparisons of copepod abundance prior to
the DWH oil spill. For example, The Southeast Area Monitoring and Assessment Program
(SEAMAP), is the only standing time series sampling program related to zooplankton in the
Northern Gulf of Mexico region (Biggs and Ressler, 2001). The cooperative project focuses on
economic and commercially relevant fisheries over the continental shelf area of the Gulf of
Mexico and while plankton surveys are carried out during SEAMAP sampling events, they do
not generally extend beyond the continental shelf to the area where the DWH oil spill occurred.
1.4. In situ Assessments Following the Deepwater Horizon Oil Spill
A number of research cruises were undertaken as part of the National Resource Damage
Assessment to determine potential ecological damage caused by the DWH spill. Some of these
cruises were dedicated to plankton surveys. Two of these cruises took place on the R/V Walton
Smith (Fig. 1) in Fall 2010 - Walton Smith 1 (WS1) which was from September 11 to 16, 2010
and Walton Smith 3 (WS3) from September 27 to October 1, 2010.

Figure 1. Research Vessel F.G. Walton Smith during the OSTRICH Cruise, June 2014. Photo
taken by Cedric Guigand, with a Phantom DJI drone.
5

Sampling sites were selected as an offshore (deepwater) extension of the SEAMAP
sampling grid determined by a cooperative National Oceanic and Atmospheric Administration/
British Petroleum (NOAA/BP) group. Sites were spaced 1-degree longitude and every 0.5degree latitude. Samples used in this study came from eight sites visited during the WS1 cruise
and three sites visited during the WS3 cruise (Fig. 2). These samples were selected because they
were located along the path of the deep water oil plume with varying distance from the wellhead.
Maximum depths at each site ranged from 500-1500 m. Sites were also sampled during the day
and night to consider the effects of diel vertical migration.

Figure 2. Sampling stations during the Walton Smith 1 and Walton Smith 3 cruises off the coast
of Louisiana, Northern Gulf of Mexico. Pink indicates Walton Smith 1 and yellow indicates
Walton Smith 3. Bathymetry is represented by the light blue contour lines.
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1.5. Data Collected During In situ Assessments
Environmental parameters collected using the ship’s SBE 911 CTD instrumentation
include temperature, salinity, density, pressure, fluorescence, and depth. Chlorophyll-a was
calculated using a simple linear regression model describing the relationship of chlorophyll-a
(µg/L) measured from direct samples collected on each cruise and fluorescence voltage (mV)
from in situ CTD measurements (Arar and Collins, 1997). Two separate linear regressions were
conducted to account for environmental variation between cruises, as follows:
Walton Smith 1:
Walton Smith 3:

𝑦 = 1.0342𝑥 + 0.0851
𝑦 = 0.9752𝑥 − 0.018

Plankton samples were collected using a Multiple Opening and Closing Net and
Environmental Sensing System (MOCNESS), which consists of nine, 333 µm mesh nets
programmed to open and close sequentially at pre-determined depth bins (Table 1). The
MOCNESS was also equipped with a flowmeter to estimate total volume of water filtered in
each depth bin (Wiebe et al., 1976). Upon collection, samples were sieved using a 333 µm
mesh, rinsed with filtered sea water, preserved in 10% buffered formaldehyde, and transported to
the Louisiana State University (LSU) Plankton Laboratory for analysis.
The goals of this study following field assessments are to fill temporal and spatial data
gaps of copepod mortality as a result of the DWH oil spill, qualitatively analyze the
decomposition of a copepod carcass through time, and observe the sinking velocity of a copepod
carcass to gain insight on the origin of in situ carcasses.
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Table 1. Depth bin and depth intervals of MOCNESS tows during WS1 and WS3. Depth bins
indicate the depth interval over which plankton were sampled, and interval is the depth bin interval
(m) each net collected water.
Net Number

Depth Bin (m)

Bin Size (m)

Number of Samples

Net 0

0-1500

1500

20

Net 1

1500-1200

300

7

Net 2

1200-1000

200

10

Net 3

1000-800

200

14

Net 4

800-600

200

16

Net 5

600-400

200

18

Net 6

400-200

200

18

Net 7

200-25

175

18

Net 8

25-0

25

17

These goals are accomplished by confirming the classification of identified dead copepods in
field samples by qualitatively observing a laboratory-based decomposition study, analyzing
additional samples to provide temporal and spatial information on the in situ proportion of dead
copepods collected shortly after the DWH oil spill, and explore the sinking rates of copepod
carcass in a controlled, laboratory setting to better understand the vertical sinking of carcasses.
These data will be used to make inferences on distributional patterns from in situ samples by
enhancing the exploration into the aftermath of the DWH oil spill and the associated toxic
constituents. It will also shine light on the ecosystem services copepods and their carcasses
provide within the marine environment.
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Study 1. In situ Assessment
2.1. Laboratory Preparation and Processing
Zooplankton samples collected with the MOCNESS were prepared for analysis by
removing from preservative and rinsing with DI water. Displacement volume, an indicator of net
volume of zooplankton, was measured. Most displacement volumes were considerably large, so
samples were split using a Folsom Splitter to create manageable aliquots that could be digitally
archived using a ZooSCAN scanner (Gorsky et al., 2010). Briefly, a ZooSCAN is a waterproof
Epson scanner that creates 16-bit high-resolution digital images of a water sample which allows
for identification of any zooplankton taxa (20-200 µm) present.
Each aliquot was scanned using the ZooSCAN and supplemental Zooprocess software
(Gorsky et al., 2010). The goal of Zooprocess was to create digital vignettes of individual
zooplankton in the scan, therefore, to ensure that only one zooplankter would be in each vignette
individual zooplankton were manually separated prior to digital scanning. Following scanning,
four random aliquot scans were selected for automated analysis using Plankton Identifier
software (PkID) (Gorsky et al., 2010). Plankton Identifier software is based on a random forest
regression confusion matrix consisting of a user-created Training Set to automatically identify a
zooplankter in each vignette created and place the vignette into its respective taxonomic
classification.
Taxa classifications were then manually validated and reclassified if incorrect. The
results from analysis of every aliquot in the sample were combined to get the total abundances of
the different taxa in the sample. If there were fewer than 100 organisms in a taxa then the whole
sample scans were used in a manual analysis of the rare taxa only using WHOI Digitizer, a
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Matlab package that allows the user to manually identify, enumerate, and measure individual
plankton.
All copepod species were pooled for the analysis of the proportions of live and dead
copepods. Copepod taxa that were observed within our samples included Calanoida, Cyclopoda,
Eucalanus species, Harpactacoida, and Sapphrinidae. The identification of copepods that
appeared dead upon collection was done manually. A dead copepod is classified as “dead upon
capture”, where the majority of internal tissue must be missing, however could not be completely
devoid of tissue. Intact dead copepods also must not possess signs of damage from predation or
handling. Absolutely no tissue present in a carcass could indicate a molt, so entirely empty but
intact copepod carcasses were not considered. Broken fragments of carcasses such as heads or
fractions of bodies were considered “detritus” and not counted as a dead copepod. The overall
criteria for classification of a dead copepod was developed in consultation with Dr. Andrew
Remsen [Bureau of Energy Management, (BOEM)] who is an expert in the field of plankton
imaging.
To ensure accuracy in the identification of dead copepods, an internal quality control
assessment of the classification criteria was also conducted by Sue Garner, lead taxonomist in
the Plankton Lab at LSU. Ms. Garner independently analyzed ten randomly selected
zooplankton samples on a Nikon microscope which provides higher resolution observation of the
plankton and allows for the technician to move the individual zooplankton around and examine
them more thoroughly. Her results were compared with the ZooSCAN analysis of the same
sample and the abundance of dead copepods were within 10% of each other though the
abundance estimates from the microscope analysis were always higher. This indicates that the
ZooSCAN analysis was comparable to traditional microscopy and that it could be used to
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analyze the number of dead copepods. Also, because the abundance of dead copepods was
higher with the microscopy method, the ZooSCAN method used is more conservative in the
identification of dead copepods.
Dr. Remsen also provided external quality assessment for accuracy of the classification
criteria by independently analyzing a random selection of 10% of the digital samples for dead
copepods. The results were compared with the results in our lab and the abundance numbers had
to be within 10% of each other or the sample failed QC and had to be reanalyzed.
Any copepods that could not clearly be identified as dead were placed in the “live”
category to uphold a conservative approach to dead copepod classification. Figure 3 shows
ZooSCAN image examples of classified dead copepods. Cumulative datasets of ZooSCAN
classifications were stored as .csv files to be compatible with various software such as Matlab, R
Studio, and ArcGIS for data analysis and interpretation.

Figure 3. Examples of dead copepods taken using ZooOptic ZooSCAN from in situ samples
collected during the Walton Smith 1 cruise. Note the absence of tissue within the body of each
copepod carcass, but some tissue is still observed (dark, nontransparent coloration).
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2.2. Abundance Estimation of Dead Copepods
Abundance estimates of copepods were converted to number per meters cubed (n m-3).
Estimates were calculated by summing the total number of copepods in each aliquot in a sample,
multiplying the sum by the aliquot split ratio and dividing by net volume of water filtered
through the MOCNESS during field collection (Dai et al., 2016). For example, consider a
sample split into 4 aliquots; the total number of live and dead copepods in all aliquots of that
sample were multiplied by 4 and divided by the net volume filtered and the abundance in each
aliquot was summed. The proportion or percentage (%), used interchangeably, of dead copepods
was calculated by dividing the dead copepods (n m-3) by the total copepods (n m-3) and
multiplied by 100 (Krautz et al., 2017). Then, depth bin intervals deeper than 600 m were
pooled at each site to allow for appropriate site comparisons of the proportions of dead copepods
at depth. This was decided due to the natural variation in bathymetric depths at the different sites
visited. Pooled depth groups were established as “upper” (0-600 m) and “lower” (600-1500 m)
depths.
2.3. Statistical Analysis of In situ Abundance
Data were initially analyzed using nonparametric Shapiro-Wilk Test and Levene’s Test,
which assume a normal distribution and homogeneity in variance, respectively, based on a
credible interval of 95% (p = ≤ 0.05). Data were homogenic but non-normally distributed,
therefore alternative analyses were considered. Due to the nested nature of the data (e.g., depth
nested within site and site nested within cruise) the proportion of dead copepods were considered
response variables of interest and depth, site, and cruise were considered predictor variables. A
hierarchical Bayesian beta regression model was used to analyze the data. Beta regressions are
appropriate when working with data that is interval distributed, such as proportions and
12

percentages, and assumes a beta distribution of the response variable within a linear modeling
framework (Ferrari and Cribari- Neto, 2004; Cribari-Neto and Zeileis, 2010).
The model developed had two levels. The level-1 model was a beta regression on the
proportion of dead copepods across the different water column depths at which they were
sampled. A random effect was applied to the sites, such that each site had its own relationship
between proportion dead and depth. The level-2 model used the estimated random coefficients
on the beta regression slope to test for a difference in slopes between cruises. Essentially, the
level-2 model is a t-test between cruises where the response variable is the level 1 site-specific
slopes, which allowed us to assume a normal distribution on the response variable from level-1.
Although there was no significance testing included in the level-1 model as the model was
developed primarily to estimate sites-specific proportion dead to depth relationships, significance
of the level-2 model would suggest that the proportions of dead by depth differed by cruise. A
level-2 model with the predictor of distance from oil spill was considered, but in exploratory
analyses, the coefficients exhibited no relationship. Significance was determined using the
criteria of the 95% credible interval (CI) of a coefficient posterior distribution overlapping 0; i.e.,
if the 95% CI did not overlap 0, the coefficient was determined to be significant. The model was
fit using JAGS (Plummer 2019 and run in R (R Core Team 2019).
2.4. In situ Results
Depth profiles of environmental parameters are shown in Figures 4 and 5. Environmental
conditions were similar during both cruises and comparable to previous observations in the
Northcentral Gulf of Mexico (Elliot et al., 2012; Carassou et al., 2014; Smith et al., 2014; Marin,
2017). Dissolved O2 concentration was recorded during field assessments, but data were
inaccurate from either equipment malfunction or user error, therefore, it was referenced from
13

previous studies that were carried out during Fall 2010 on different cruises to the Northern Gulf
of Mexico (Joye et al., 2011; Kessler et al., 2011). The mixed layer depth was located between
10 and 20 m. The chlorophyll maximum was at approximately 180-200m, with chlorophyll-a
concentrations of on average 0.6 µg L-1. Chlorophyll-a concentrations within the chlorophyll
maximum region of this study coincided with other data in the northcentral Gulf of Mexico
(Muller-Karger et al., 2015). Chlorophyll-a is considered a proxy for standing stock of
phytoplankton and primary productivity (Cianca et al., 2012). The pattern of vertical distribution
and magnitude of chlorophyll-a was similar across sites.

Figure 4. Depth profiles of temperature, salinity, and chlorophyll-a at all sites during Walton
Smith 1 cruise.
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Figure 5. Depth profiles of temperature, salinity, and chlorophyll-a at all sites studied during
Walton Smith 3 cruise.
2.5. Analysis of the Proportion of Dead Copepods
The distribution of the percentage of dead copepods at the various sites during both
cruises was compared (Fig. 6). The percentage of dead copepods in upper depths was below
50% in each site’s interquartile range during both cruises (Fig. 6A). The percentage of dead
copepods in the lower depths was greater during WS1 than during WS3 (Fig. 6B). In the lower
depths, several sites reported percentages of dead copepods higher than 50% during WS1, but at
all sites during WS3 the percentages of dead copepods remained below 50%. It was concluded
there was not a significant difference in variance between day and night samples based on the
Bartlett test comparing the percentage dead copepods against time of day (p = 0.7998) (Fig. 7).

15

Figure 6. The distribution of the proportion of dead copepods, shown here as a percentage, between
0-600 m (A) and 600-1500 m (B). Pink coloration indicates WS1 cruise sites and yellow coloration
indicates WS3 cruise sites, which corresponds to Figure 2.
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Figure 7. The distribution of the total individuals of dead copepods per site during day (grey) and
night (black) during both WS1 and WS3. WS1 include: B250, B248, B247, B184, B083, B081,
B016, and B001. WS3 include: SW8, SW6, and B251. The distribution during day and night
cruises is not significantly based on results of the Bartlett test (p = 0.7998).
Results of the hierarchal Bayesian beta regression at level-1 showed that all sites in WS1
had an increase in the proportion of dead copepods as depth increased (Figure 8, black line).
WS3 sites was not considered statistically significant in the change in the proportion of dead
copepods as depth increased, due to fewer sites sampled during WS3 (n = 3). Based on the
hierarchal Bayesian beta regression model, on average there was a difference in the proportion of
dead copepods across depth at all sites between the two cruises (Figure 9). The results between
cruises can be considered a proxy for time since the DWH oil spill incident with WS1 samples
collected earlier in time than WS3 samples. The differences between the cruises shows greater
proportions of dead copepods collected in samples collected slower in time to the spill. The
distance of each site from the oil spill, on the other hand, did not have a significant effect on the
proportions of dead copepods across depth collected during the two cruises.
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Figure 8. Level-1 hierarchal Bayesian beta regression model output of depth (standardized) against
the proportion of dead copepods at each site during both cruises WS1 (pink) and WS3 (yellow).
The black line is the average of all sites and cruises. The points are the individual data points
included in the model, color schemes representing the cruises.
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Figure 9. Level-2 hierarchal Bayesian beta regression model output based on a Student’s t-test
visualizing the relationship between the slope effects of level-1 modelling using cruise as the
exploratory variable. WS1 (pink) and WS3 (yellow) boxes show a difference in the average slope
effects from level-1.
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Study 2. Decomposition
3.1. Experimental Design
A decomposition experiment recorded the decay of individual Tigriopus. californicus
copepods through time which confirm and compare. T. californicus, a euryhaline benthic
intertidal harpacticoid species (Chalker-Scott, 1995; Powlik et al., 1997), which is found
throughout the world and is known for its availability in lab studies, was selected for
experimentation (Powlik, Lewis, and Spaeth 1997). Live T. californicus copepods were
purchased from Carolina Biological Supply Company and shipped in natural seawater from the
collection site. Once received, they were stored for 24 hours in the Plankton Lab at LSU at 4ºC
to decrease metabolism and bacterial activity (Lovell and Konopka, 1985; Tang and Elliot,
2014). Ten non-egg bearing T. californicus copepods of similar size were selected and
euthanized via deionized (DI) water flush. T. californicus copepods are tolerant of a wide range
of salinities (4-102) (Burton and Feldman, 1982; Chalker-Scott, 1995). While some
decomposition experiments have used alcohol- and aldehyde-based solutions for euthanasia
(Alcaraz et al., 2003; Jaspers and Carstensen, 2009), this method was not chosen because these
solutions cause body shrinkage and potentially kill bacteria, a key proponent in decomposition,
which introduces bias. Because T. californicus is so tolerant of freshwater and because the
organisms would be held in DI for the experiment, DI water was selected as a method of
euthanasia. Once euthanized, individuals were placed into separate, 5 cm diameter, sterile petri
dishes filled with 5 mL of DI water and stored at three different temperatures. Deionized water
in each petri dish was changed after each imaging interval to remove ambient bacterial growth.
Organisms were photographed at 0, 6, 12, 24, 48, 72, and 90 h intervals to observe decay through
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time (Tang et al., 2006a, Tang et al., 2006c), using a Nikon SMZ1000 dissection microscope
equipped with a Nikon DS-U3 camera and NIS-Elements imaging software (Nikon, 2017).
Temperatures selected for decomposition were 4ºC, 15ºC, and 21ºC. These temperatures
correspond to the temperatures measured in the field at deep, mid-depth, and near-surface depth.
Temperature was maintained using a VWR Temperature controller attached to a standard
refrigerator (VWR International), which allowed the refrigerator to fluctuate no more than ±1ºC.
3.2. Image Analysis Methodology
The rate of decomposition was assessed by determining the amount of tissue in the
prosome of the copepod and the presence of a bacterial mass (Tang et al., 2006a). As a copepod
decomposes, there will be a reduction in internal tissue which will cause the prosome to become
increasingly transparent and an opaque bacterial mass will form (Fig. 10) (Tang et al., 2006a).
Images of the copepods recorded at the different time intervals were analyzed to
determine the amount of internal tissue present over time. Several approaches were explored to
conduct a quantitative pixel analysis of the images, including Bio7 software analysis. This
software utilized ImageJ and R software for binary classification pixel analysis using random
forest regression machine learning. These methods were not effective as some of the images of
the same copepod at different time points were recorded at different magnifications and in some
cases the orientation of the copepod did not allow the entire organism to be fully imaged.
Therefore, a qualitative approach was taken to examine the reduction of tissue in each copepod
over time.
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Figure 10. Tigriopus californicus image highlighting key features indicative of decomposition.
The example copepod carcass was decayed in 4ºC for 12 hours.
3.3. Decomposition Results
The first 12 hours of decomposition did not show major changes in decomposition in the
copepod carcasses across all three temperatures. The carcasses were intact, and tissue was
defined in shape and structure throughout the body. The carcasses also remained positioned on
the bottom of the petri dish, suggesting the carcasses had maintained body mass and were not
buoyant from loss of tissue. Once decomposition began to be visually noticeable, bacterial
growth (seen as opacity) became more apparent throughout and tissue was not as defined in
shape and structure (12 h) (Fig. 11). The greatest amount of change in decomposition was
apparent after 24 h at 15°C and 21°C, where carcass bodies began to be engulfed in bacterial
growth became buoyant. Decomposition at 4ºC appeared to be at a steady rate, as there were no
distinguishable changes in tissue through time compared to 15°C and 21°C (similar to findings in
Tang et al., 2006c). Organisms held at 15ºC and 21ºC exhibited rapid decomposition until 48 h
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where decay plateaued until the completion of the experiment at 90 h, leaving the carcass devoid
of tissue and bacterial mass.

Figure 11. Images of sample individual copepods at each time interval in the decomposition
experiment at all three temperatures. Each row of images represents the same organism through
time.
These observations in morphological changes allowed us to confirm that our
classification of a dead copepod was accurately representing decomposition of carcasses exposed
to non-predatory mortality and could be applicable to the in situ observations.
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Study 3. Sinking Velocity
4.1. Experimental Design
Sinking velocity was measured using a clear PVC tube that was 60 cm in length and 7 cm
in diameter (Fig. 12). Due to the bottom end cap and top beveled edge of the tube, the tube had a
functional length of 48 cm where a sinking particle could be observed. A 7 cm buffer zone was
also incorporated to minimize disturbances from release momentum and edge effect of the
sinking apparatus (Deibel, 1990). To determine a sinking distance that produced the least
amount of error between trials, the sinking velocity of five similarly weighted beads (247.86 ±
0.66 mg) was tested at three different vertical distances of 20, 30, and 50 cm. The variance
between trials at each sinking distance was compared, and it was determined that 50 cm would
statistically produce the least amount of error. Because of the 7 cm buffer zone and due to a
functional length of 48 cm, the greatest distance over which sinking velocity could be observed
was 40 cm.
Water density also plays a critical role in particle sinking in aquatic systems (Kirillin et
al. 2012); therefore, water density in the experiment was designed to match mean field
measurements (1034 kg m-3), replicating open ocean conditions on the sinking organism. The
experimental room temperature was 26ºC and artificial seawater was mixed to a salinity of 50 to
achieve the desired seawater density (Millero et al., 1980).
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Figure 12. Sinking velocity PVC tube used during sinking velocity experiment. Note the ends of
the PVC tube that create obstruction of observation, which were accounted for in the
experimental design.
Ten copepods were carefully selected and examined using a compound microscope
equipped with a Nikon DS-U3 camera and NIS-Elements imaging software and the prosome
length were measured (940.82 ±62.13 µm). Once the PVC tube apparatus was prepared and
filled with artificial seawater, copepods were euthanized via DI flush. Copepod carcasses were
held at room temperature to equilibrate their internal temperatures prior to beginning a trial. One
freshly dead copepod was placed at the top center of the PVC tube and allowed to sink within the
7cm buffer zone before recording sinking time (s) across 40 cm. Observed sinking velocity (m s1

) was calculated by dividing distance traveled in meters by the time (s) it took the organism to

sink that distance. Sinking velocity in m s-1 were converted into m d-1 and the mean and standard
deviation were calculated.
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4.2. Mathematical Comparisons
Measured sinking velocity was compared to modeled sinking velocity (Komar et la.,
1981; Knutsen et al., 2001; Elliot et al., 2010; Kirillin et al, 2012; Tang and Elliot, 2013; Maiti et
al., 2016; Cavan et al., 2017). Species-specific length-weight relationships of each organism was
determined using calculations from Bottrell (1976) and Hopcroft et al. (1998). Harpacticoid
copepods have a length-weight relationship based on the linear relationship below (Bottrell,
1976; Hopcroft et al., 1998),
ln 𝑊 = 2.74 ln 𝐿 – 16.41
where, the natural log W is the dry weight (µg) and L is the prosome length (µm). After
calculating the weight of each organism, particle density was computed using a modified Stokes
equation (Weiner and Matthews, 2003). The equation for particle density,

𝜌𝑠 =

(18 ∗ µ ∗ 𝑉𝑡)
𝑑2 + 𝜌

where ρs is particle density (kg/m3), ρ is the density of seawater (determined from the laboratory
experiment, in kg/m4), µ is the kinetic viscosity of seawater (referenced from Yoon et al., 2001,
approximately 0.0123 g cm-1 s-1), Vt is terminal sinking velocity of a particle, in this case the
observed sinking velocity (in m s-1) and d is the diameter (in m). Sinking velocity calculations
are governed partly by a particle’s Reynold’s number calculated with the equation below.

𝑅𝑒 =

𝜌𝜔𝑠 𝐷𝑛
𝜇

where ρs is water density, ωs is pellet sinking rate, used from lab observations, Dn is the nominal
diameter of the particle, and µ is kinetic viscosity (Komar et al., 1981). For accurate
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calculations, it was suggested that Re should remain <0.5 (Komar et al., 1981), which was
confirmed via computation. The modified equation by Komar et al. (1981) was used to calculate
sinking velocity (cm s-1),
1
𝐿 −1.664
2
(𝜌
𝜔2 = 0.0790
– 𝜌)𝑔𝐿 ( )
𝜇 𝑠
𝐷
where ρs particle density (kg/m3), ρ is the density of seawater (in kg/m4), µ is the kinetic viscosity
of seawater (0.0123 g cm-1 s-1), g is the acceleration due to gravity (981 cm s-2), and L and D is
the length and diameter of the organism, respectively (cm). A second equation, the Stokes
equation, equated in m s-1,

𝜔𝑠 =

1 1
∗ (𝜌 – 𝜌)𝑔𝐷2
8 𝜇 𝑠

where µ is the kinetic viscosity of seawater (0.0123 g cm-1 s-1), ρs particle density (kg/m3), ρ is
the density of seawater (in kg/m4), g is the acceleration due to gravity (981 cm s-2), and D is the
sphere diameter. A third mathematical comparison was incorporated, adapted from Elliot et al.
(2010), equating sinking velocity (m s-1),

𝜔𝑠 =

𝑅𝑔𝐷2
𝐶1 𝑣 + (0.75𝐶2 𝑅𝑔𝐷3 )0.5

where R is particle density – water density / water density, g is the acceleration due to gravity
(981 cm s-2), D is the particle equivalent spherical diameter, or diameter, and C1 and C2 are
constants adapted from Stokes Law (recommended by Ferguson and Church, 2004).
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4.3. Sinking Velocity Results
T. californicus carcasses had an average sinking velocity of 186.99 ± 64.61 m d-1, which
is within the range of previously reported values of various sinking particles such as plankton,
fecal pellets, and copepod eggs (Table 2) (Komar et al., 1981; Alldredge et al., 1988; Deibel,
1990; Knutsen et al., 2001; Yoon et al., 2001; Patonai et al., 2011; Kirillin et al., 2012; Tang and
Elliot, 2013; and Cavan et al., 2017). Assuming each organism collected during the in-situ
sampling started sinking at the surface at an average sinking velocity of 186.99 m d-1, an in situ
copepod would take 6.95 days to sink to the maximum in situ sampling depth of 1200- 1500 m.
This represents a maximal sinking velocity as it assumes no turbulent mixing or other physical
factors that impact the sinking rate.
The majority of T. californicus carcasses fell with the cephalosome facing slightly
downward, giving the body a stream-lined shape and steady sinking rate. Antennules of T.
californicus are smaller in size than other marine copepod species and did not show any major
effects on sinking posture or rate. Table 3 lists the particle measurements and sinking velocity of
each organism used in the experiment.
Table 2. Literature review of all previously reported sinking velocities of various particle types.
Reference
Komar et al., 1981
Alldredge et al., 1988
Deibel, 1990
Knutsen et al., 2001
Yoon et al., 2001
Tang et al., 2010
Patonai et al., 2011
Kirillin et al., 2012
Tang and Elliot, 2013
Cavan et al., 2017

Particle Type
Fecal pellet of various copepods
Marine snow
Dolioletta gegenbauri fecal pellets
Calanus spp. eggs
Fecal pellet of various copepods
Carcass in saltwater
Eucalanus pileatus fecal pellets
Carcass in freshwater
Carcass in saltwater
Organic particles
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Sinking Velocity
86.4-151.2 m d-1
74 m d-1
59-405 m d-1
25.9-89.9 m d-1
26.5-159.5 m d-1
103.68-107.136 m d-1
25-47 m d-1
199 m d-1
>100 m d-1
69.2-104 m d-1

Table 3. Length, diameter, time, weight, sinking velocity of T. californicus observed during the
experiment.
Organism
1
2
3
4
5
6
7
8
9
10

L (µm)
920.86
972.48
827.35
850.07
908.05
973.53
997.42
977.33
1007.8
973.34

Diameter (µm)
361.26
369.09
367.94
352.08
387.25
364.75
371.54
352.38
371.41
340.65

Time (sec)
0212
0236
0175
0180
0563
0153
0128
0279
0149
0134

Weight (µg)
9.888
11.482
7.373
7.942
9.515
11.516
12.307
11.639
12.661
11.509

Observed (m d-1)
163.02
146.44
197.49
192
61.39
225.88
270
123.87
231.95
257.91

4.4. Mathematical Confirmations
Calculated sinking velocity using the Stokes equations averaged 185.12 ± 63.96 m d-1,
0.61 to 2.7 m d-1 slower when compared to observed sinking velocity. The calculations adapted
from Komar et al. (1981) predicted an average sinking velocity of 367.09 ± 130.43 m d-1, which
is 54.84 to 263.93 m d-1 faster than the observed values. Finally, calculations from Elliot et al.
(2010) predicted an average of 320.18 ± 63.82 m d-1, 119.06 to 144.87 m d-1 faster than the
observed sinking velocity.
A simple linear regression was used to compare observed sinking velocity to the
calculated sinking velocity. The observed and calculated results were comparable with R2 values
of 1, 0.99, and 0.98, respectively (Fig. 13) suggesting that the calculated velocity’s can be used
to predict sinking velocity. The three equations are positively correlated as sinking speed
increases, but the modified equation from Komar et al. (1981) and Elliot et al. (2010) predicted
approximately 1.5x faster than observed sinking velocity and the Stokes equation. The Stokes
equation (R2 = 1) was a perfect linear relationship because density was not averaged in its
computations, rather each organism’s calculated particle density was used, accounting for any
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variation in particle density that would overestimate the linear relationship. Also, particle shape
assumptions in the models could overestimate sinking velocity. Copepods are cylindrical in
shape, and so incorporating areal and volumetric estimations of a cylindrically shaped particle
would allow us to better model sinking velocity of copepod carcasses.

Figure 13. Simple linear regression comparing Stokes Law, Komar et al. (1981), and Elliot et al.
(2010) equations of modeled sinking velocity to the observed sinking velocity calculated during
the lab experiment.
While these analyses currently do not take into consideration changes in organism density
with decomposition or changes in water conditions as the organism falls through the water
column, it does provide an estimate of residence time of a copepod carcass in a steady- state
system. The effect of physical parameters (i.e. turbulence and lateral mixing) limit the
quantitative certainty of sinking velocity of copepod carcasses, so it is critical to incorporate
physical parameters into the models in future work.
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Discussion
5.1. In situ
5.1.1. Evaluation of Field Conditions
Chlorophyll-a concentrations were low and comparable to other oligotrophic areas
(Cianca et al., 2012). Low chlorophyll concentrations, indicating low phytoplankton abundance,
in the oligotrophic Northcentral Gulf of Mexico during the Fall of 2010 likely did not have a
substantial contribution to copepod food availability and abundance (Qian et al., 2003; Rowe
2017). Furthermore, oil and dispersant-treated oil have been shown to inhibit phytoplankton
primary productivity capabilities (Paul et al., 2013; Garr et al., 2014), negatively impacting the
phytoplankton community and minimizing food availability for copepods. Even though at the
time of sampling the chlorophyll-a concentrations were comparable to other oligotrophic areas, it
was likely low at the time of the spill, negatively impacting copepod survival (Rowe, 2017).
In contrast to other stations sampled, chlorophyll-a concentration was higher at B001 in
the upper 50 m. This was inferred to be due to increased outflow from the Mississippi River
releasing an abundance of nutrients into the water column, where it was swept offshore via
mesoscale cyclonic eddy movement (Fig. 15) (Qian et al., 2003; Wawrik and Paul, 2004; Smith
et al., 2014; Ward and Tunnell, 2017). Zooplankton have the potential to consume up to 50% of
primary producers present in the Mississippi River plume area (Rowe, 2017), therefore creating a
localized food source for copepods at this site. Salinity values also confirm this trend, as B001
was also the only site that exhibited lower salinity near the surface compared to other sites during
WS1, indicating a possible freshwater source. Because B001 had lower proportions of dead
copepods at depth compared to other sites (Fig. 8b),
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Figure 15. Depth profiles in the first 50 m at all sites in Walton Smith 1. Chlorophyll-a at site B001
(third panel, red line) exhibits a sharp increase to 1.2 mg L-1, in conjunction with decreased salinity
near the surface (second panel). This suggests freshwater input from the Mississippi River.
5.1.2. Comparison to Spring 2011 Data
Results from plankton samples from a cruise to the same region employing the same field
and sample collection methods (Walton Smith 4, or WS4, sampled from 4/26/11 to 5/23/11)
were also compared (Marin et al., 2017), since some of the sites were in close proximity to or at
the same location as sites in this study. For example, site B083, which was sampled during both
WS1 and WS4 cruises, had significantly different proportions of dead copepods at depth between
cruises. Samples at B083 during WS4 exhibited a range of 2-25% dead copepods below 500 m
compared to WS1 that had 70-80% dead copepods below 600 m. Environmental data collected
on the WS4 cruise had similar chlorophyll-a concentration values (<0.16 µg L-1, Marin, 2017),
comparable to the WS1 and WS3 cruises, suggesting that environmental parameters were not
inhibiting copepod survival between the 3 cruises. Differences in the proportions of dead
copepods were likely due to seasonal changes between Fall and Spring cruises.
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The comparison of the three cruise datasets, in conjunction with environmental
parameters taken during all sample times, indicates that there was a major temporal change in the
proportions of dead copepods at depth across cruises (i.e. time). During WS3 we begin to see a
decrease in copepod carcass abundance based on level-2 Bayesian hierarchical modelling (Fig.
11); so, with the inclusion of WS4 data we can hypothesize that the proportion of dead copepods
during WS1 cruise was greater than both WS3 and WS4. Incorporating WS4 data into the
Bayesian hierarchical model analysis used in this study should be implemented to explore this
hypothesis further in the future.
5.1.3. Ecological Impacts of the DWH on Copepods and Carcass-Associated Microbes
The introduction of oil and associated dispersants used to disaggregate the oil from the
Deepwater Horizon oil spill had negative impacts on copepod survival and shifted microbial
pathways utilizing the excess carcass abundance (Ortmann et al., 2012). It has been previously
reported that the introduction of oil had the potential to increase microbial and prokaryotic
activity and eventually allow the trophic transfer of oil-based carbon through the food web
(Koshikawa et al., 2007; Valentine et al., 2010; Ortmann et al., 2012; Smith et al., 2014).
Copepods, on the other hand, ingest disaggregated oil droplets and can be subject to lethal and
sublethal mortality (Almeda et al., 2014).
Dispersants negatively impact both copepod abundance and microbial activity,
introducing negative effects during any trophic transfer of organic material (Kujawinksi et al.,
2011; Ortman et al., 2012; Cohen et al., 2014). Even in small concentrations, dispersants have
the potential to directly impact copepod life. Data from Kujawinski et al. (2011) reported low
concentrations of dispersants at depth (600-1000m) and decreased with distance from the oil spill
(Fig. 16). The low concentrations of dispersant may have had the potential to increase copepod
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mortality due to its toxicity when ingested or exposed to. This likely lowered carcass- specific
degradation by microbes, increasing the abundance of intact copepod carcasses discovered as
they sank throughout the water column.

Figure 16. Geographical map describing sampling sites of the present study in conjunction with
the distribution of dispersant concentration reported in Kujawinski et al. (2011). While some
locations do not have detectable dispersant concentrations based on in this map, the results of our
study do not conclude a relationship with distance from the oil spill, where dispersant was applied
to combat oil impacts during the DWH oil spill. Rather, results appeared to show a greater change
in the proportion of dead copepods with time since the spill.
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5.2. Decomposition
5.2.1. Comparisons of Decomposition with In situ Samples
After the completion of decomposition experiment, each copepod was preserved in 10%
buffered formalin for storage and ZooSCAN image analysis, which followed in situ processing
methodology. The resulting images and in situ ZooSCAN images were qualitatively compared,
reviewing the prosome region for changes in tissue presence and bacterial mass. Following
qualitative image comparisons, estimated sinking velocity was considered to calculate theoretical
locations in the oceanic water column a decomposed organism might be collected. Location in
the water column was determined by the following calculation
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 (𝑚𝑒𝑡𝑒𝑟𝑠) = 𝑠𝑖𝑛𝑘𝑖𝑛𝑔 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ∗ 𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
where sinking velocity was 186.99 ± 64.61 m d-1 resulting from the sinking velocity experiment
and decomposition time was the end time allowed (d) for each organism to decompose.
Therefore, in-situ copepods collected from 600-800 m were compared to 90 h decomposed
images because a decayed organism after 90 h would, in a steady-state system, likely be
collected at 700 m based on a sinking at a rate of 185.12 ± 63.96 m d-1. Copepod samples past
600-800 m would have been sinking, and potentially decomposing, for longer than 90 h which
did not appropriately represent copepods studied in the decomposition experiment. All
decomposed copepods were compared to in situ copepods collected from 600-800 m, but
copepods held at 21ºC showed the greatest similarities in decomposition criteria as described
above.
In-situ organisms and experimental organisms showed morphological similarities –
collapsed tissue is compressed to one location within the organism’s carcass, leaving portions of
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the carcass open and transparent (Fig. 14). Some tissue was still present in both in situ and
decomposition experiment copepods, confirming that non-predatory mortality where carcasses
remained intact would allow for tissue retention within the body. Remaining internal tissue was
locally compressed in both groups, but location of the tissue differed between in-situ and lab
produced organisms. Tissue of laboratory decomposed copepods had tissue collect in the ventral
region (Fig. 14A). Comparatively, tissue was collected either in the posterior or rostral region of
the in-situ images (Fig. 134B). This could be inferred to different morphologies of the two taxa.

Figure 14. Example images of copepods decomposed for 90 h at 21°C in a laboratory setting
(row A) and in situ copepods collected at 600-800 m depth (row B). Notice the absence of tissue
in laboratory decomposed copepods, confirming that non-predatory mortality where a carcass
remains intact would produce similar observations in in situ copepods.
5.2.2. Factors Influencing Decomposition
Temperature appeared to be the biggest factor in the laboratory decomposed carcasses.
While some organisms showed decay after 72 h in 4°C and 15°C (refer Fig. 11), the most notable
decay was present in 21°C, suggesting that in situ organisms collected at depth likely began near
the surface where warmer temperatures allowed bacteria to carry out decomposition. Even
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acknowledging decomposition in 4°C and 15°C temperatures, the in situ organisms possibly sank
past the mixed layer (where temperature decreases dramatically), slowing bacterial activity and
preserving the in situ copepod’s decomposition state where it was collected at depth. This was
confirmed in the qualitative comparison of in situ and laboratory produced carcasses at 21°C,
where only copepods decomposed at 21°C showed similar attributes to in situ copepods.
Ambient, external bacteria surrounding the organism can also contribute to and
sometimes accelerate decomposition depending on the abundance of bacteria present and is
difficult to completely remove, (Harding 1973; Tang et al., 2006a; Tang et al., 2006b; Tang et
al., 2009). Therefore, to focus on the role of internal bacteria, routine DI water changes were
carried out throughout the experiment to flush out ambient microbes (Tang et al., 2006b). DI
water was used to detach surrounding bacteria by creating an environmental stress on the
bacteria, comparable to bacterial detachment in vertically migrating zooplankton that undergo
pycnocline movement that ambient bacteria cannot withstand (Grossart et al., 2010; Tang et al.,
2011). This allowed us to rule out large quantities of ambient bacteria influencing
decomposition and allowed mostly internal bacteria to decompose the carcasses, even in the
event of ambient bacteria survival. On the contrary, some researchers believe decomposition is
more due to ambient bacteria than the abundance of internal bacteria (Tang and Elliot 2013),
mentioning that carcasses are continuously in contact with external bacteria, allowing microbes
to begin decomposing as quickly as 8 h. While exogenous bacteria presence is prominent in
carcass decomposition, the present study minimized bacterial interaction externally, in doing so
eliminating significant bias from external decomposers.
The natural microbial population from the seawater that the samples were collected from
off the coast of North Carolina could differ from the in situ microbial population of the
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Northcentral Gulf of Mexico (Carolina Biological Supply, pers. comm.). This may have
introduced disproportionate comparisons between in situ carcasses and laboratory decomposed
carcasses, since microbial diversity likely differed between the two bodies of water. Therefore,
in future work zooplankton collections should be conducted from the Gulf of Mexico to
accurately simulate microbial populations controlling decomposition in situ copepod carcasses.
5.3. Sinking Velocity
5.3.1. Factors Impacting Modeled and Observed Calculations
The main difference between the three sinking velocity equations is definition of body
shape in the calculations. The Stokes equation assumes spherical shape when determining the
body diameter instead of the elliptical shape of the copepod prosome. The Komar et al. (1981)
equation defines shape based on a length: diameter relationship, potentially arriving at more
realistic individual shape parameters. Last, Elliot et al. (2010) defines shape not only on particle
equivalent spherical diameter (ESD) but also incorporates two constants determined in the
Stokes Law of particle settling, the first constant pertaining to laminar settling in a fluid
substance; the second functions as the particle’s relationship to drag coefficient based on its
Reynold’s number (Ferguson and Church, 2004).
Both constants are appropriate to incorporate into sinking velocity calculations since
turbulent or laminar flow interaction with a particle greatly determines its sinking speed, and the
Reynold’s number indicates drag associated with the particle size (Ferguson and Church, 2004).
This variation in the different models does allow each model to be applied to particles of
different shapes, such as sediment particles or copepod fecal pellets, fluid dynamics supporting
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any sinking particle, suggesting that density and turbulence would be the greatest factors in
determining a sinking rate (Elliot et al., 2010).
Turbulence also has the potential to create a shift from passive to active sinking (or
rising) based on the fluid movement of water. Therefore, the 7 cm buffer zone was critical in
incorporating into the experimental design to allow any turbulence or accidental vertical mixing
induced within the apparatus to become still before beginning each trial. In turbulent
environments where vertical mixing is prevalent, carcasses are more likely to be suspended for
longer periods of time (Elliot et al., 2010). In open ocean environments, where vertical mixing
has a greater probability of being confined to depth as a result of drastic density changes above
and below the pycnocline (Alldredge and Gotschalk, 1988; Knutsen et al., 2001), carcasses may
stay suspended in regions where they have the potential to become neutrally buoyant. This
creates a greater likelihood of being exposed to and contributing to biological and microbial
activity, providing organic nutrients to the environment, leading to the creation of microbial
hotspots (Graham et al., 2010; Kirillin et al., 2012).
Key organic nutrients like carbon and nitrogen in these regions are not directly
transferred to the deep ocean but recycled in biogeochemical pathways via remineralization and
recycling from turbulent mixing in the water column (Stief et al., 2017). While diel vertical
migration of live copepods produces significant amounts of organic carbon and nitrogen flux to
the deep, passively sinking carcasses have the potential to contribute organic material in middepth regions and introduce recycling in nutrient- depleted oligotrophic environments (Rowe,
2017). The recycling of nutrients leads to O2 poor conditions from increased microorganism
activity. Therefore, a large increase in dead copepods found at depth could have increased
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microbial activity, causing poor conditions for live diel migrators and further contributing to the
proportion of dead copepods.
Future work should explore how water density interacts with a sinking carcass.
Furthermore, in-depth empirical modelling on particle density and fluid dynamics should be
further explored in studies of copepod carcass sinking velocity to provide an in-depth
understanding of the external forces driving the sinking of a carcass.
5.3.2. Benefits of Decomposed Carcasses and Their Sinking Velocity
Sinking copepod carcasses represent the passive transport of organic material from the
shallow waters to the mesopelagic, tying together critical ocean functions such as the biological
pump and carbon export and sequestration (Sampei et al., 2009; Frangoulis et al., 2011; Barton et
al., 2013; Dai et al., 2016; Cavan et al., 2017; Steinburg and Landry 2017). Sinking intact
copepod carcasses contribute valuable particulate organic carbon (POC) to the surrounding
marine environment. Most studies consider the vertical flux of POC in the form of fecal pellets,
phytodetrital aggregates and sediment particles, because of their larger contribution to the total
POC flux (Komar et al., 1981; Yoon et al., 2001; Frangoulis et al., 2011; Patonei et al., 2011;
Maiti et al., 2016; Cavan et al., 2017). What is often overlooked, however, is the passive sinking
of copepod carcasses, which can transport up to 40% of POC flux to the deep (Sampei et al.,
2009; Frangoulis et al., 2010). While copepod carcasses generally do make up less of the total
POC flux in the ocean globally, they are a critical factor when determining the export of sinking
material, contributing to the export and sequestration of organic carbon, i.e., the storing of excess
carbon at depth via the biological pump (Maiti et al., 2016). Determining carcass sinking rates,
which are on average 47% higher in organic carbon (Sampei et al., 2009; Frangoulis et al.,
2011), helps to shed light on the global budget of carbon export and sequestration in the ocean.
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Conclusions
The Gulf of Mexico is a productive environment and harbors a large variety of
organisms, many of them ecologically and economically important. Zooplankton, specifically
copepods, are the food sources to those important species and are critical to incorporate into
scientific research to understand the trophic pathways in the Gulf of Mexico and how they can be
impacted in the event of an anthropogenic disaster. The goal of this study was to explore the
distribution of in situ dead copepods in the Northcentral Gulf of Mexico shortly after the
Deepwater Horizon oil spill. Samples collected earlier in time (WS1, closer to the end of the
spill) had greater proportions of dead copepods than samples collected two weeks later (WS3)
and six months later (WS4). There was no statistically significant relationship between the
proportion of the dead copepods at a site and distance from the oil spill suggesting that time after
the spill was more important in predicting the proportion of dead copepods than distance.
Temperature-specific decomposition confirmed that copepods collected were accurately
categorized as dead from secondary, non-predatory effects. This was critical in confirming our
classification of a dead copepod and should be considered in future studies. Sinking velocity
experiments were also utilized to empirically explore the origin of in situ copepod carcasses. A
simple linear regression of sinking velocity (m d-1) was used to compare how many days an
organism at a discrete depth would have been sinking through the water column, assuming
steady-state conditions. For example, organisms collected at 600-800 m would have been
sinking for 3.75 days on average. Using the same regression, was applied to the decomposition
experiment. Each organism was decomposed for 90 h, or 3.75 days, therefore, a laboratoryproduced decomposed carcass would possibly have sunk to approximately 701.25 m had it died
near the surface. Based on sinking velocity experimental results, in situ ZooSCAN images from
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600-800 m depth bin was qualitatively compared to experimentally derived decomposition
images from individuals decayed at 21°C for 90 h and showed similarities in carcass morphology
as it decayed through time.
There are dynamic processes that can contribute to copepod mortality but acknowledging
the impacts copepod carcasses have on an oligotrophic environment is critical in assessing
anthropogenic disasters such as the DWH oil spill (Banse, 1995; Barton et al., 2013; Steinburg
and Landry, 2017). Organic materials rich in carbon are readily available where copepod
grazing takes place, providing sustainable energy pathways to higher trophic levels through
copepod fecal material and mortality (Calbet, 2001). Higher copepod mortality rates, though,
would decrease grazing rates and open the potential for microzooplankton and heterotrophic
bacteria to capitalize on available food and increase nutrient cycling through Microbial Loop
pathways, lowering carbon export (Banse, 1995; Calbet, 2001).
Many questions were raised regarding the integrity of the offshore Northcentral Gulf of
Mexico after the DWH oil spill, an ecologically diverse gulf but susceptible to detrimental
impacts if toxins are introduced. Many relief efforts were put into place to protect the region,
sometimes overshadowing how the efforts would impact the area. While this study only focuses
on copepod carcasses, understanding the impacts an anthropogenic disasters such as the DWH
oil spill has on lower trophic level organisms allows researchers to detail how higher trophic
level organisms, such as commercially important species, are impacted.
Some studies suggest that temporal and spatial trends of dead zooplankton are speciesspecific, therefore, it would be critical to consider incorporating other zooplankton present in
future studies (Hirst and Kiørboe, 2002; Krautz et al., 2017). The mortality of copepods, though,
is an extensive process to quantitatively report as many dynamic factors are also contributing,
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such as physical conditions and the origin of death of a carcass. Exploring temporal and spatial
trends of copepod mortality in the event of environmental change, like an oil spill, is a significant
step in understanding the undeniable importance of their functionality in the marine
environment.
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